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0 A lieterc bipolar transistor and a fabricating method thereof. 



® A hetero bipolar transistor including an emitter 
layer (15). having a wide energy gap, made of an 
arsenic doped hydrogenated micro-crystal line sill- 
con, having an average crystal grain size of 3.5 to 
5.5 nm. formed on a p-type base layer (14) by 
applying a plasma CVD method, using a mixed gas 
of silane. hydrogen and arsine. is obtained so as to 
have common emitter current gain of 400. 
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A HETERO BIPOLAR TRANSISTOR AND A FABRICATING METHOD THEREOF 



BACKGROUND OF THE INVENTION 



(1) field of The Invention 

5 

The present invention relates to an improve* 
ment of a Silicon Hetero Bipolar Transistor (St 
HBT). 

Usually, impurity concentration of a bipolar 
transistor must be controlled small to obtain large io 
common emitter current gain (hpE)- However, in the 
bipolar transistor, when impurity concentration in a 
base is set small, base resistance becomes large, 
so that operation speed of the bipolar transistor 
decreases. 75 

However, in case of a Hetero Bipolar Transistor 
(HBT), the impurity concentration is not necessary 
small to obtain the large hpE. because, the HBT has 
hetero junction between a base and an emitter. As 
a result in the HBT. a base layer can be made 20 
smaller in thickness, compared with that of the 
usual bipolar transistor. In other words, a large hpg 
can be obtained in HBT without increasing the 
base resistance. That is. the HBT is a transistor 
having structure excellent in high speed operation. 25 
The above features of the HBT are indicated by a ^ . 
diagram called an energy band diagram. As an 
example of the energy band diagram. Rg. 1 shows 
an energy band diagram of an npn type HBT. 

As shown in Fig. 1. in the npn type HBT. an 30 
energy band gap of an emitter is larger than that of 
a base and a collector as much as AEg. Such 
energy band gap structure of the npn HBT is 
generally called "wide gap emitter structure". The 
npn type HBT operates under forward bias voltage 35 
Vbe applied between the base and the emitter and 
reverse bias voltage Vbc applied between the base 
and the collector. Therefore, a potential barrier qVn 
is produced in a conduction band and another 
potential barrier qVp is produced in a valence band, 40 
between the emitter and the base. The difference 
between qVp and qVn is namely the AEg mentioned 
before. As a result, electrons (representatively in- 
dicated by a solid circle) in the emitter are injected 
into the base beyond the potential barrier qVn, 45 
however, holes (indicated by a white circle) in the 
base are hard to be injected into the emitter be- 
yond the potential barrier qVp. in the usual npn 
bipolar transistor, this phenomenon does not occur. 
That is. holes in a base are easily injected into an so 
emitter, because qVn is equal to qVp. Thus, the npn 
HBT has the prominent feature that the holes in- 
jected from the base to the emitter are extremely 
suppressed, resulting in producing large hpE- 



(2) Description of The Prior Art 

As an HBT having the wide gap emitter struc- 
ture, a compound semiconductor HBT having 
hetero junction of aluminum gallium arsenide 
(AIGaAs) and gallium arsenide (GaAs) was initially 
developed. In the compound semiconductor HBT. 
an emitter was formed by AlQaAs having a large 
band gap and a base and a collector were formed 
by GaAs having a small band gap. 

On the other hand, a new type HBT substan- 
tially using silicon material has been developed. 
This new type HBT will be called a "silicon group 
HBT" hereinafter. In the silicon group HBT. an 
emitter is formed by silicon micro-crystals each 
including hydrogen, and a base and a collector are 
formed by silicon single crystal. The silicon micro- 
crystal including hydrogen is correctly called 
"hydrogenated micro-crystalline silicon" and will be 
described "ac-Si:H" hereinafter. The details of the 
new HBT using the uc-Si:H have been disclosed in 
Proceedings ED87-66 of the Institute of Electronics. 
Information and Communication Engineers (lEICE), 
Japan, by H. Fujioka, 1987 and FUJITSU Scientific 
and Technical Journal Vol. 24. No. 4, pp. 391 - 
397. 1987, titled as "Characteristics of Si HBT with 
Hydrogenated Micro-crystalline Si Emitter" by H, 
Fujioka and K. Takasaki. 

Rg. 2 illustrates a cross-sectional view of the 
silicon group HBT inserted in the proceedings of 
lEICE and the FUJITSU Scientific and Technical 
Journal. In the silicon group HBT shown in Fig. 2. 
an emitter, a collector, a base and other parts 
associated with them are formed as follows: an n* 
collector 3 is formed on a part of an n* collector 
contact 2 formed on a silicon substrate 1; a p* 
base 4 is formed on the n~ collector 3: an n-type 
emitter 5 is made of uc-Si:H and formed on a part 
of the p"^ base 4: and a collector electrode 7. a 
base electrode 8 and an emitter electrode 9 are 
respectively formed on the collector contact 2, the 
base 4 and the emitter 5. insulated by an insulation 
layer 6 respectively. Wherein, the material u.c-Si:H 
of the emitter 5 can be formed to a layer 5 with a 
parallel-plate type plasma Chemical Vapor Deposi- 
tion (CVD) apparatus. 

Since an energy gap of silicon is 1.12 eV as 
well known, and an energy gap of the phosphorus- 
CP) doped uc-Si:H is 1.81 eV, a diffusion current 
due to holes flowing from the base 4 to the emitter 
5 is suppressed, so that large hpE can be obtained. 

To fabricate the silicon group HBT, hydroge- 
nated micro-crystalline silicon germanium (uc- 
SiGe:H). hydrogenated micro-crystalline silicon car- 
bide (uc-SiC:H) or hydrogenated micro-crystalline 
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silicon nitride (uC'SiN:H) has been tried to use 
instead of uc-Si:H. for Increasing the energy gap 
more if possible. 

In Rg. 2, it is important that the emitter 5 has a 
large band gap and a low resistivity for increasing 
the hpE of the silicon group HBT. In order to obtain 
a targe band gap of the emitter 5. a grain size of 
each micro-crystal in the emitter 5 is required to be 
approximately less than 5 nm in diameter, and in 
order to lowering the resistiveity of the emitter 5, it 
is required to dope a large quantity of n-type 
impurity such as phosphorus into the emitter 5. 
However, when phosphorus is highly doped into 
the emitter 5, the grain size of the micro-crystal 
can not be decreased to less than 5 nm. Accord- 
ingly, in the prior art. it has been hard to enlarge 
the band gap of the emitter 5. 



SUMMARY OF THE INVENTION 

Therefore, an object of the present invention Is 
to obtain a silicon group HBT having large common 
emitter current gain, with high reproducibility. 

The above object is accomplished by forming 
an emitter of the silicon group HBT so as to obtain 
wide gap emitter structure, using As doped hy- 
drogenated micro-crystalline silicon (As doped u.c- 
Si:H) having silicon micro-crystals each having a 
small grain size and low resistivity. The wide gap 
emitter structure is formed by a plasma CVD meth- 
od, using a mixed gas of monosilane (SiH^). hy- 
drogen (Ha) and arsine (AsHa), for instance. An 
average grain size of the As doped uc-Si:H is 3.5 
to 5.0 nm. This average grain size is smaller than 
that (4.5 to 10 nm) of the usual P doped uc-Si:H. A 
band gap of an emitter layer made of the As doped 
uc-Sr:H is 1.95 eV which is larger than the band 
gap (1.81 eV) of the usual P doped tiC-Si:H. Apply- 
ing the As doped ac-Si:H to an emitter layer, the 
hpE of the silicon group HBT can be raised up as 
high as 400. in stable. 



forming an n" layer for the use of the collector by 
a vaporphase epitaxial method: 

Fig. 3(c) is a diagram illustrating a step for 
forming an n~ collector layer by etching the n" 

5 layer; 

Fig. 3(d) is a diagram Illustrating a step for 
forming an oxide layer in an aperture partly opened 
in the n" collector layer: 

Fig. 3(e) is a diagram illustrating a step for 
70 forming a base layer by performing selective ion 
Implantation onto the n' collector layer, using bo- 
ron ions (B*): 

Rg. 3(f) is a diagram illustrating a step for 
forming an n* layer touched to an n* collector- 
75 ' contact layer by performing selective ion Implanta- 
tion onto a part of the n~ collector layer, using 
antimony ions (Sb*): 

Rg. 3(g) is a diagram illustrating a step for 
forming an uc-Si:H layer at an aperture opened in 
20 the base layer; 

Rg. 3(h) is a diagram illustrating steps for 
forming a collector contact electrode, a base elec- 
trode and an emitter electrode on a collector ion 
injected layer, the base layer and the emitter layer 
25 respectively; 

Rg. 3(1) is a diagram illustrating the formed 
Uc-Si:H layer. 

Fig. 4 is a partially cross sectional view 
schematically illustrating a parallel-plate type plas- 
30 ma OVO apparatus; 

Rg. 5 is a chart showing an hpe's distribution 
regarding a plurality of the silicon group HBTs 
having emitters made of the As doped ilc-Si:H and 
the p doped ac-Si:H; and 
35 Fig. 6 is a chart showing a distribution of 

average grain sizes In the As doped and P doped 
ac-Si:H layers regarding a plurality of the silicon 
HBTs. 

40 DESCRIPTION OF THE PREFERRED EMBODI- 
MENTS 

A fabncating method of a silicon group HBT of 
the present invention and characteristics thereof 
will be disclosed in reference to Rgs. 3 to 6. 

Rgs. 3(a) to 3(1) are partial cross sectional 
views for explaining steps for fabricating the in- 
vented silicon group HBT . having an emitter being 
an As doped uc-Si:H layer. The fabricating process 
of the present invention is almost the same with 
conventional one for a silicon bipolar transistor ex- 
cept a fabricating step of the As doped uc-Si:H 
layer. 

The invented silicon group HBT is fabricated 
as follows: 

an n* collector contact layer 12 is formed on a 
designated portion of a p-type Si substrate 11 by 
ion implantation, using antimony ions (Sb ) or ar- 



BRIEF DESCRIPTION OF THE DRAWINGS 45 

Rg. 1 is a diagram showing energy band 
structure of the npn HBT: 

Fig. 2 is a schematic cross sectional view of 
the silicon group HBT; 50 

Rgs. 3(a) to 3(1) are diagrams illustrating the 
fabrication steps of the silicon group HBT Including 
an emitter made of As doped ac-Si:H embodying 
the present invention; 

Rg. 3(a) is a diagram illustrating a step for S5 
forming an n* collector layer on a part of a Si 
substrate; 

Rg. 3(b) is a diagram illustrating a step for 
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senic ions (As ) (see Rg. 3(a)); 
an n~ collector layer 13 is formed on the p-lype SI 
substrate 11 and the n* coHector contact layer 12 
by a vapor phase epitaxial method (see Rg: 3(b)): 
the n* collector layer 13 is removed by etching, 
leaving an Island shape n" collector 13 from the n~ 
collector layer 13' so that the n"" collector 13 
touches the n* collector contact layer 12, and an 
insulating film 16' consisting of, for example, silicon 
dioxide (SiOz) is deposited on the portion where 
the n" collector layer 13' has been removed (see 
Rg. 3(c)); 

an oxide film 20 is formed in a part of the n" 
collector layer 13. by local oxidation process (see 
Rg. 3(d)); 

a base layer 14 is formed in a part of the n" 
collector layer 13 by implanting boron ions (B*) 
into the part under energy of 20 Kev and dose of 
5x10*3 cm"2. applying selective ion implantation 
technique (see Rg. 3(e)); 

an ion-Implanted collector layer 12' is formed to 
another part of the n* collector 13 so as to touch 
the n* collector contact layer 12, by performing 
selective ion implantation into the part of the n" 
collector 13. using Sb*. so that the n* collector 
contact layer 12 Is extended to the level of surface 
of the base layer 14. (see Rg. 3(f)): 
a Si02 film 16^ is coated on the surface shown in 
Rg. 3(f) and an aperture 15 (approximately 5x5 
mm^ in size) for an emitter is provided In the Si02 
film 16* until a part of the surface of the base layer 
14 appears in the aperture 15 , and the surface in 
the aperture 15 and on the Si02 film 16" are 
cleaned with hydrogen fluoride solution, then, after 
cleaning, imediately. an As doped is formed in the 
cleaned aperture^is" and on the cleaned surface of 
the Si02 film 16* by using a conventional parallel- 
plate type plasma CVD apparatus shown in Rg. 4 
(see Rg. 3(g)), wherein the formation of the As 
doped uc-3i:H layer 15 will be detailed latter: 
the As doped uc-Si:H film is removed by etching, 
leaving the As doped uc-Si:H stayed in the ap- 
erture 15", and two apertures 17 and 18 are 
provided in the SiOa layer 16 in correspondent to 
a part of the ion-implanted collector layer 1 2 and a 
part of the base layer 14 respectively (see Rg. 3- 
(h)): and 

a collector contact electrode 17. a base electrode 
.18 and an emitter electrode 19 are formed in the 
apertures 17" and 18" and on a surface of emitter 
layer 15 respectively, so that a silicon group HBT 
having an emitter of an uc-Si:H HBT layer is ob- 
tained (see Rg. 3(1)). 

As mentioned before, the emitter of the As 
doped uc-Si:H HBT layer is formed iby using the 
conventional parallel-plate type plasma CVO ap- 
paratus. Before disclosing how to form the emitter, 
the function of the parallel-plate type plasma CVD 



apparatus will be explained in reference to Rg. 4. 
In the parallel-plate type plasma CVD apparatus, a 
reactant gas used for plasma CVD is filled in a 
chamber 31 at a constant pressure, mal<ing flow 

5 the reactant gas into and out from the chamber 31 
through a gas inlet 38 and a gas exhaust 37 
respectively. In the chamber 31, there are an elec- 
trode 33 and an electrode 34 placed opposite to 
the electrode 34. A sample substrate 32 to be 

10 performed the plasma CVD is mounted on the 
electrode 33 and heated at a required temperature 
by a. heater provided in the electrode 33. High 
frequency power at. for example. 13,56 MHz is 
applied between the electrodes 33 and 34 from a 

ts high frequency power source 35. so that the reac- 
tive gas is decomposed to a plasma gas. Then, in 
accordance with the plasma gas, a CVD film is 
formed on a surface of the substrate 32. At this 
time, the CVD film is avoided becomming porous 

20 by heating the sample substrate 32 at a proper 
temperature. 

Using the parallel-plate type plasma CVD ap- 
paratus mentioned above, the As soped ac-Si:H is 
formed as follows: a mixed gas of si lane (SiH&), 

25 hydrogen (Hz) and arsine (AsHa) is used as a 
reactant gas: at this time, a flow rate of the hy- 
drogen is 10 times or more of a flow rate of the 
silane, and a flow rate of the arsine is 0.1 to 5% of 
a flow rate of the silane. when a flow rate of the 

30 silane is taken as 1 , as an example, a gas mixing 
50 SCCM of SIH4. 1000 SCCM of H2 and 0.5 
SCCM of ASH3 Is used as the reactant gas; the 
pressure of the reactant gas in the reactant cham- 
ber 31 is desired to be higher than 0.02 Torr, and 

OS is kept at, for example, 0.2 Torr: the temperature of 
the sample substrate is desired to be between 200 
and 400* C. and is kept at 250 ' C as an example; 
and the supplied high frequency power is 0.3 
W cm-, 

40 Under such growth condition, the uc-Si:H film 

15' (see Rg. 3(g)) is formed. The concentration of 
As doped in the u.c-Si:H film 15 is desired to be 
high, for instance, 1x10-3 cm^- in order to de- 
crease the resistance of the emitter. 

45 In accordance with forming thus the emitter 

layer 15 by using the As doped uc-Si:H. the grain 
sizes of the uc-Si:H in the emitter layer 15 can be 
made smaller than that in the case of using P 
doped uc-Si:H. As a result, the hpE of the Si group 

50 HBT having the emitter of the As doped ac-Si:H 
can be made greater than that of the P doped uc- 
Si:H. To compare the hpE of the Si group HBT 
having the emitter layer made of the As doped uc- 
SI:H with that having the emmiter layer made of the 

55 P doped uc-Si:H. a plurality of Si group HBTs 
respectively using the As doped uc-Si:H and the P 
doped u.c-Si:H were fabricated and their hp^s were 
measured. The results of the measurement are 
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shown by a histogram in Rg. 5. In Rg. 5, the 
numbers of the two kinds of Si group HBTs cor- 
respondent to various hpcs are presented in a per- 
centage to the total number of the measured HBTs, 
on the axis of ordinates. In Rg. 5, a part 102 having 
slanting lines depicted downward from right to left 
shows the percentages for the Si group HBTs 
having the emitter layers made of the P doped uc- 
Si:H and a part 101 having slanting lines depicted 
downward from left to right shows the percentages 
for the Si group HBTs having the emitter layers 
made of the As doped uc-Si:H. As seen from Rg. 
5, a value of hpE approximately positioning at the 
center of the part 101 concerning the As doped uc- 
Si:H is 400. however, the part 102 concerning the P 
doped uc-Si:H is distributed widely from less than 
100 to approximate 400. 

A plurality of P doped uc-Si:H films and of As 
doped uc-Si:H films were formed on a Si substrate, 
and grain sizes of micro-crystals in these films 
were measured with an X-ray diffraction method. 
The results of the measurement are shown by a 
histogram in Rg. 6, using average grain sizes. In 
Rg. 6. the numbers of the. two kinds of itc-Si:H 
films correspondent to various average grain sizes 
are shown in a percentage to the total number of 
the measured uc-Si:H films, on the axis of or- 
dinates. A part 201 having slanting lines depicted 
downward from left to right shows the percentages 
for the average grain sizes of the As doped uc-Si:H 
films and a part 202 having slanting lines depicted 
downward from right to left shows the percentages * 
for the average grain sizes of the P doped jxc-Si:H 
films. As seen from the parts 201 and 202. the 
average grain sizes (in the part 202) of the micro- 
crystals in the P doped uc-Si:H films are distrib- 
uted in a range of approximate 4.5 to 9.5 nm, 
however, those (in the part 201) In the As doped 
ac-Si:H fiims are distributed in a range of approxi- 
mately 3.5 to 5.5 nm^ .which is narrower in range 
and small in value, compared with the case of the 
P doped ac-Si:H films. On the other hand, energy 
gap of the P doped uc-Si:H films and the As doped 
uc-Si:H films were measured by optical spectoro- 
scopy. The results were 1.81 eV for the P doped 
)xc-Si:H films and 1,95 eV for the As doped uc-Si:H 
films. 

Furthermore, crystal structure of the As doped 
uc-Si:H film and the P doped uc-Si:H film, which 
were formed 50 nm in thickness on silicon sub- 
strates, were observed with Reflective High Energy 
Electron Diffraction (RHEED) method. As a result, it 
could be seen that the P doped uc-Si:H film hap- 
pened to be grown epitaxially in some growth con- 
dition, however, the As doped uc-Si:H film included 
only micro-crystals in any growth condition. From 
this fact, it can be concluded that the silicon group 
HBT having the emitter made of the As doped uc- 



Si:H has more stable hpe. compared with the silicon 
group HBT having the emitter made of the P doped 
uc-Si:H. 

In the above, the material of nc-Si:H is used to 
5 the emitter layer of the silicon group HBT. How- 
ever, instead of u.c-Si:H, a material of hydroge- 
nated micro-crystalline silicon carbide (uc-SiC:H) . 
hydrogenated micro-crystalline silicon nitride (uc- 
SiN:H) or hydrogenated micro-crystalline silicon 
}0 germanium (uc-SiGe.'H) can be used. 



Claims 

15 1 . A hetero bipolar transistor comprising: 

a collector region (12. 12 ); 

a base region (14) touched to said collector region 
(12. 12'); and 

an emitter region (15) forming hetero junction with 
20 said base region (14) and made of hydrogenated 
silicon group material including arsenic (As). 

2. A hetero bipolar transistor according to claim 
1, wherein said hydrogenated silicon group material 
comprising a material selected from the group of 

25 consisting of hydrogenated microcrystalline silicon 
{uc-Si:H) material, hydrogenated microcrystalline 
silicon carbide (uc-S(C:H) material, hydrogenated 
micro-crystalline silicon nitride (uc-SiN:H) material 
and hydrogenated micro-crystalline silicon germa- 

zo nium (uc-SiGe:H) material. 

3. A hetero bipolar transistor according to claim 
1 or 2, wherein said emitter region comprises hy- 
drogenated microcrystalline silicon (uc-Si:H) ma- 
terial having crystal grain sizes being less than 6 

35 nm. 

4. A hetero bipolar transistor according to any 
of claims 1 to 3. said base region (14) comprises a 
matenal of p-type silicon, and said collector (12. 
12 ) region comprises a material of n-type silicon. 

40 5. A hetero bipolar transistor according to any 

of claims 1 to 4. said emitter region (15) has an 
energy gap more than 1 .9 eV. 

6. A method for fabricating a hetero bipolar 
transistor including a collector (12, 12 ) and a base 

45 (14) which are made of silicon and an emitter (15) 
made of hydrogenated silicon group material and 
making hetero junction with said base (14), said 
method compnsing the steps of: 
forming a collector layer (12) made of n-type sill- 

50 con: 

forming a base layer (14) made of p-type silicon so 
as to touch said collector layer (12); and 
forming an emitter layer (15) made of hydroge- 
nated microcrystalline silicon including arsenic (As) 
55 on said base layer (14). by supplying As in a 
reactant gas on the surface of said base layer (14). 

7. A method according to claim 6, wherein said 
emitter layer (15) is grown by applying a plasma 



5 



9 EP 0 374 544 A1 10 

chemical vapor deposition (plasma CVD) method. 

8. A method according to claim 6. wherein said 
As reactant gas comprises silane. hydrogen and 
arsine, in a flow ratio of 1 to more than 10 to a 
value between 0.1 and 0.5. respectively. 5 

9. A method according to claim 7. wherein said 
plasma CVD method is carried out by setting a 
substrate temperature at 200 to 400^C. 
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